As the demand for sustainable energy resources has grown rapidly in recent years, enormous effort is invested on cost-effective photovoltaic technologies. Nanomaterials are one class of candidate materials being explored for next generation photovoltaics while significant progress has been obtained currently. In this review article, we summarise the recent progress in this field and identify the key issues related to nanostructured solar cells. In particular, we highlight the technology which is based on self-assembly of synthetic nanopillars for photovoltaics. These research has casted a solid ground for future exploration using nanomaterials for cost-effective solar cells.
Introduction
In the past decade, one-dimensional (1D) and quasi-one-dimensional (Q-1D) materials, including nanowires (NWs), nanorods (NRs), and nanopillars (NPLs), have been extensively studied as the novel building materials for a broad range of applications such as electronics (Ford et al., 2009; Thelander et al., 2008; Javey, 2008; Lu and Lieber, 2007; Javey et al., 2007; Xiang et al., 2006; Wang and Dai 2006) , optoelectronics (Qian et al., 2005; Fan et al., 2004a; Zhong et al., 2003) , and sensors Fan et al., 2008a Fan et al., , 2004b Zhang et al., 2004; Fan and Lu, 2005; Hahm and Lieber, 2004) , etc. Not until recently, as an emerging field, this new class of nanomaterials has been utilised for building energy conversion/harvesting devices, to convert mechanical (Wang and Song 2006) , thermal (Hochbaum et al., 2008; Hasegawa et al., 2009) , and solar energy into electricity Czaban et al., 2009; Garnett and Yang, 2008; Kempa et al., 2008; Colombo et al., 2009; Tang et al., 2008; Kelzenberg et al., 2008; Martinson et al., 2008; Tian et al., 2007; Tsakalakos et al., 2007; Law et al., 2005; Song et al., 2005) . Particularly, for photovoltaic (PV) applications, synthetic 1D semiconductors are typically grown with low-cost 'bottom-up' approaches with the high crystallinity, ensuring the superb electrical carrier transport. In addition, arrays of 1D nanomaterials can further improve photon absorption utilising light trapping effect ; therefore, a combination of these figures of merit can lead to next generation PV devices with great cost-effectiveness. In this review article, we summarise the recent progress of 1D/Q-1D nanomaterials-based PV research followed by a perspective of the future development of this technology.
Single NW PV devices
Studies on PV effect from single NW devices constitute the fundamentals of the practical PV technologies with nanostructures and nanomaterials. In this regard, ground-breaking work on single NW PV devices has been performed by a few pioneers. For example, Si NWs with the axial p-i-n junction structure have been successfully grown with vapour phase catalytic method in conjunction with the in-situ doping modulation technique (Kempa et al., 2008; Tian et al., 2007) . Similar to thin film amorphous silicon p-i-n solar cells, the intrinsic segments of Si NWs are the photosensitive region which generates electron-hole pairs (EHPs). It was found that the longer intrinsic region resulted in the higher conversion efficiency. An optimal PV device [ Figure 1(a) , inset] based on this type of NW has been demonstrated with an open circuit voltage (V oc ) around 0.29 V [ Figure 1(a) ], a short circuit current density (J sc ) of 3.5 mA/cm 2 , and a maximum conversion efficiency of 0.5% (Kempa et al., 2008) . One step further, axial tandem p-i-n + -p + -i-n NW PV devices have been fabricated with the same growth approach to achieve the increased V oc , as shown in Figure 1(b) (Kempa et al., 2008) .
Single NW solar cells with axial junctions showed relatively low conversion efficiency mainly due to the fact that the direction of carrier transport is along the long axis of NWs, and the large surface area of NWs results in significant surface recombination. As compared to the axial junction structure, the radial junction structure has been considered as a more promising structure for NW PV devices since the minority carrier collection/transport is along the radial direction, thus greatly shortens the carrier travel and improves the collection efficiency Tian et al., 2007; Kayes et al., 2005) . Experimentally, radial p-i-n NW structures have been fabricated with Si, GaAs, etc. (Kempa et al., 2008; Colombo et al., 2009; Tian et al., 2007) . In a representative work, a Si single NW p-i-n structure was grown using a Au catalysed vapour-liquid-solid (VLS) method with silane, diborane, and phosphine as the Si source, p-type and n-type dopant, respectively. This core-shell NW is consisted of a p-type NW core with an intrinsic and n-type shell. The p-type core was single crystalline, while the shells were polycrystalline with grain size of 30-80 nm. A PV device can be fabricated with electron-beam lithography (EBL) followed by the shell etching and metallisation. The scanning electron microscopy (SEM) image of a typical device is shown in Figure 1 (c). Figure 1(d) demonstrates the dark and light I-V curves measured for a corresponding core-shell NW PV device. From dark measurements, it was found that both diode ideality factors and reverse bias breakdown voltages were significantly improved upon insertion of an intrinsic Si layer which also agrees with the observation in the axial p-i-n NW case (Tian et al., 2007) . The illuminated (light) curves from such devices were measured under AM 1.5G. And an open circuit voltage of 0.26 V, a short circuit current of 0.503 nA, and a fill factor of 55% were measured, corresponding to a maximum power output of ∼72 pW under 1 sun and device conversion efficiency ∼3.4% after exclusion of the metal covered area, which is 7× improved from the axial p-i-n NW PV device.
To further shed light on the efficiency loss mechanism, temperature dependent measurements were performed on illuminated NWs (Kempa et al., 2008) . Reduced temperatures produced a small decrease in I sc , attributed to the increasing band-gap energy, and a linear increase in V oc which is in close agreement with the value found for planar single crystalline Si solar cells. Reduced carrier recombination at lower temperatures was suggested as the mechanism responsible for this linear increase in V oc . Meanwhile an increase in the fill factor with decreasing temperatures was also observed. The result showed an improved efficiency up to 6.6% at 80 K under 0.6-sun illumination. While the ongoing solar cell operation at 80 K is not practical, this study suggested that significant performance improvements are available by further reducing carrier recombination through other methods, such as improvements to the morphology of the NW shells, the core-shell interfaces, and passivation of the shell surfaces and grain boundaries.
Although Si is the dominant material for conventional planar solar cells and radial p-i-n Si NW cells have been demonstrated for better efficiency than the axial p-i-n ones, due to the relative low optical absorption coefficient, Si may not be the ideal material for single NW solar cells with the configuration horizontally lying on substrates for their small diameters. In comparison, GaAs has a much higher optical absorption coefficient and close to the ideal energy band-gap (E g = 1.45 eV), thus has a promising potency for efficient NW solar cells. It has been reported that radial p-i-n GaAs NW PV devices can also be fabricated (Colombo et al., 2009) . The structure of the NW and contact geometry were similar to the aforementioned coaxial Si PV devices, except that NWs were fabricated by molecular beam epitaxy (MBE) without relying on Au catalysts, to ensure the high quality interface and avoid the metallic impurity. The NWs also had a p-type core, intrinsic and n-type shells structure using Si as both the n-and p-type dopants. Si can be used as a n or p-type dopant in GaAs depending on whether it occupies Ga or As sites, respectively, though additional work is necessary to elucidate the mechanism and conditions responsible for this doping behaviour. Typically, a NW length of 9 μm and thicknesses of the intrinsic and n-type shells of 15 nm and 50 nm, respectively, were obtained. And PV devices were fabricated using EBL similar to the Si ones. (c) (d) Notes: *The illumination intensity was 100 mW/cm 2 , AM 1.5G (insert: SEM image of a p-i-n SiNW device with the i-length of 2 μm; scale bar is 4 μm); **SiNW devices under AM 1.5G illumination; *** scale bar is 1.5 μm. Source: Reprinted with permission from Kempa et al. (2008) and Tian et al. (2007) To evaluate the device performance, I-V curves were acquired under light intensity ranging from dark to 200 μW power with the best performed device producing an efficiency of 4.5% and a fill factor of 0.65 under AM 1.5 illumination at room temperature.
NW arrays for PVs
Studies of single NW PV devices provide us with fundamental understanding of the nanoscale PV effect. Meanwhile, these nanoscale solar cells can be potentially used to drive the nanoelectronic components (Tian et al., 2007) . Nevertheless, the need for large-scale and affordable solar cell modules and panels appear to be more urgent for the sake of environmental sustainability. In this regard, developing scalable and affordable PV technologies with nanostructures and nanomaterials is of the paramount importance, for researchers working in the field of nanotechnology. As compared to bulk and thin film materials, synthetic nanomaterials can be grown at much lower temperature than the bulk in order to get single crystalline structures (Mohammad, 2009; Fan et al., 2008b; . This can help to reduce material extraction cost dramatically. On the other hand, nanostructured materials have unique favourable properties for PV that the bulk and thin film materials do not possess, such as the much improved light absorption capability and carrier collection efficiency, as these will be discussed in the following paragraphs.
Engineering light absorption with 3D structures
In general, the energy conversion efficiency of a solar cell device depends on primarily two processes: absorption of the incident photons and the subsequent collection of the photo-generated carriers. From the optical absorption point of view, arrayed NWs, NRs and NPLs with the 3D configuration can provide a unique anti-reflection mechanism to improve the optical absorption (Zhu et al., 2009; Muskens et al., 2008) . This anti-reflection mechanism can be simply referred to the light trapping effect, or structurally tuned refractive effective index gradient (Stiebig et al., 2006) . There have been a number of materials configured as 3D nanostructures, including Si (Kelzenberg et al., 2010) , Ge , CdS , etc. Extensive work has been done on the optical properties of Si NW arrays (Kempa et al., 2008; Kelzenberg et al., 2008) . For example, as shown in Figure 2 (a), Si wire arrays were grown by a photolithographically patterned VLS process on p-type <111> Si wafers and evaporated Au, Cu or Ni were used as the catalyst (Kelzenberg et al., 2010) . As shown in Figure 2 (b), a much improved absorption spectrum can be achieved on Si wire arrays. It was observed that with less than 5% areal fraction of wires, up to 96% peak absorption could be achieved leading to absorption of 85% of the day-integrated, above-bandgap direct sunlight (Kelzenberg et al., 2010) . In addition, these arrays showed an improved near-infrared absorption, which allows overall sunlight absorption to exceed the ray-optics light-trapping absorption limit for an equivalent volume of randomly textured planar Si over a broad range of incidence angles. Notes: *Polymer-embedded wire array, viewed upside-down (at 60° tilt) to illustrate the order and fidelity of the embedded wires; **spectrally weighted absorption of the AM 1.5D reference spectrum, corresponding to each of the three absorption cases: Si wire array which had an equivalent planar Si thickness of 2.8 μm, a 2.8-μm-thick planar Si absorber, with an ideal back-reflector, assuming: bare, non-texturised surfaces and ideally light-trapping, randomly textured surfaces; ***over λ = 300-900 nm for single-diameter NPLs as a function of diameter along with that of a DNPL array with D1 = 60 nm and D2 = 130 nm; ****of a blank AAM with dual-diameter pores and the Ge DNPLs (inset) after the growth. Source: Reprinted with permission from Kelzenberg et al. (2010) and In another work, rather than using the lithographic method and epitaxial wafer to obtain regular arrays of wire, Ge NPLs were assembled in the anodic alumina membrane (AAM) via the vapour phase catalytic growth method ). By varying the diameter, pitch, length of the pores, the shape of Ge NPLs can be well controlled. Transmission electron microscopy (TEM) investigation showed that the grown NPLs are single crystalline which highly favours the carrier transport. Optical reflectance/transmission measurements showed that with the fixed pitch, NPL arrays with the large NPL diameter has high reflectance but low transmission, and NPL arrays with the small NPL diameter has the opposite effect. As a result, there existed an optimal diameter which yielded a maximal 94% broad-band light absorption, as shown in Figure 2 (c). Compared to the Ge blank film with only ∼53% broad-band light absorption; a Ge NPL array has already achieved a much improved optical absorption. To further improve this figure of merit, a unique dual-diameter NPL (DNPL) structure [ Figure 2(d) ] was fabricated by simply multiple-step etching and anodisation . Utilising high transmission of a small diameter structure and high absorption from a large diameter structure, an optimal DNPL array has achieved ∼99% broad-band optical absorption . 
(b) (c) Notes: *Do not require the collection length to be this long because they can absorb light in the axial direction while collecting charge carriers in the radial direction. This schematic diagram is not to scale; **photoelectrochemical cells with the external quantum yield normalised to its highest value. The quantum yield of the NR array electrodes at wavelengths greater than 600 nm decreased less than that of the planar electrodes. The black solid line with squares (a) is the normalised spectral response of the NR array electrode, and the green solid line with triangles (b) is the normalised spectral response of the planar electrode; ***the total device thickness is fixed at 1.3 μm concluding electrodes. The inset shows their ratio, depicting the advantage of SNOP-cell, especially when the minority carrier life times are relatively low. Source: Reprinted with permission from Spurgeon et al. (2008) and Fan et al. (2009) 
Carrier collection improvement
Besides improving the optical absorption, using arrays of NWs and NPLs as active PV materials can also enhance the photo-carrier collection efficiency if the structure is properly designed. For the thin film type of solar cells, it is well known that in order to achieve high efficiency, the material has to be thick enough to absorb majority part of the incident photons. However, if the material is polycrystalline or even amorphous with the relatively short minority carrier diffusion length, thick material can be detrimental for carrier collection. Thus, optical absorption and carrier collection are in competition in thin film devices and fabricating low-cost films that simultaneously absorb photons and collect carriers efficiently is challenging. In this regard, many NW solar cell architectures offer the advantage of orthogonalising the light absorption and carrier collection directions Kelzenberg et al., 2010; Spurgeon et al., 2008) as shown in Figure 3 (a), which can relax the competition between photon absorption and carrier collection. In fact, a comparison between NR arrays and planar Cd (Se, Te) photoelectrodes has been made (Spurgeon et al., 2008) . It was shown that the fill factors of the NR array photoelectrodes were superior to those of the planar junction devices. More importantly, the spectral response of the NR array photoelectrodes exhibited better quantum yields for collection of near-IR photons relative to the collection of high-energy photons than the planar photoelectrodes, as shown in Figure 3(b) . The performance benefit of orthogonalising photon absorption and carrier collection is also demonstrated with the simulation of the CdS NPL/CdTe thin film hybrid solar cells . In this work, the conversion efficiency of a device structure consisting of CdS NPL arrays embedded in a CdTe thin film were compared to that of a planar CdS/CdTe cell. The NPL structure showed the better conversion efficiency than its thin film counterpart, especially for small minority carrier diffusion lengths, as shown in Figure 3 (c). This result provides an important guideline for solar cell design using low cost and low grade materials.
Materials for nanostructured PVs
Up-to-date, there have been a number of work reporting NW, NR, NPL array-based PV devices using ZnO, Si, GaAs, etc. as active materials Colombo et al., 2009; Kelzenberg et al., 2010; Garnett and Yang, 2010; Greene et al., 2007; Law et al., 2006) . Figure 4 (a) and Figure 4 (b) demonstrate a pioneering work using ZnO NW arrays for dye-sensitised solar cells (Law et al., 2005) . In this work, vertical arrays of ZnO NWs were grown on F:SnO2 (FTO) substrates, as shown in Figure 4(a) . The electron diffusivity within the wires was estimated to be between 0.05-0.5 cm 2 s -1 , much higher than that estimated for typically used ZnO nanoparticle films. PV measurements showed device characteristics of a short circuit current density, J sc = 5.3-5.85 mA cm -2 , open circuit voltage, V oc = 0.61-0.71 V, fill factor, FF = 0.36-0.38 and the resulting efficiency, η = 1.2%-1.5% as plotted in Figure 4(b) . The highest external quantum efficiency of the cell measured [ Figure 4 (b) Inset] was 40% at 515 nm wavelength, corresponding to the maximum absorption of the dye. The efficiency of the dye sensitised solar cell can be further improved by maximising photon absorption at higher wavelengths in increasing the length of the cell, if electron diffusion length can be increased at the same time. In this regard, one simple method to increase electron diffusion lengths is through reducing the interfacial recombination rate by applying surface coatings on the nanocrystalline film (Bandaranayake et al., 2004; Diamant et al., 2004; Palomares et al., 2003; Tennakone et al., 2001; Zaban et al., 2000) . For example, a conformal layer of TiO 2 was deposited on ZnO NWs via an atomic layer deposition system (Law et al. 2005) . This oxide shell is expected to suppress recombination by incorporating an energy barrier that physically separates the photo-generated electrons from the oxidised species within the electrolyte. The layer also acts to passivate the recombination centres on the surface of the NWs. The results showed an overall conversion efficiency of 2.25%, a significant improvement in performance of the cells. (c) (d) Notes: *The wires are in direct contact with the substrate, with no intervening particle layer.
Scale bar = 5 μm; **the small cell (active area: 0.2 cm 2 ) shows a higher Voc and Jsc than the large cell (0.8 cm 2 ). The fill factor and efficiency are 0.37% and 1.51% and 0.38% and 1.26%, respectively. Inset shows the external quantum efficiency against wavelength for the large cell; ***p-n junction array solar cell made by bead assembly and deep reactive ion etching. Scale bar = 1 μm; ****for 5 μm NWs and planar control solar cells fabricated from a 25 μm thin silicon absorber. Source: Reprinted with permission from Law et al. (2005) and Garnett and Yang (2010) As the second most abundant element in earth's crust, Si is the dominant material for microelectronics, as well as PVs. Till now, Si-based nanostructure solar cells have still attracted enormous attention Yang, 2008, 2010; Kempa et al., 2008; Tian et al., 2007; Kelzenberg et al., 2010) . Figure 4(c) demonstrates an arrayed Si NW solar cell on the n-type Si wafer. The NW array was achieved by self-assembly of silica spheres on the wafer followed by the deep reactive ion etching (Garnett and Yang 2010) . Then the boron diffusion was performed on samples to produce radial p-n junctions. Note that this approach ensured that NWs are single crystalline; more importantly, NWs were not fabricated with the metal catalyst, thus, avoiding metallic contamination which introduced deep level trapping states and shorten minority carrier life-times (Bullis, 1966) . As the result, an energy conversion efficiency of about 5.3% was achieved, which is increased by 22% over the planar control sample. This improvement was also attributed to the strong light trapping effect from the 3D structure. Although Si and GaAs NW arrays have been extensively explored for PV studies, they have relatively high surface recombination velocities, which degrade the cell conversion efficiency by the significant carrier surface recombination. Specifically, the reported surface recombination velocities of both non-passivated planar silicon and gallium arsenide structures have exceeded 10 6 cm s -1 making these materials unsuitable for the NW arrays solar cell configuration (Sharma et al., 2007; Sabbah and Riffe, 2000; Rowe et al., 1993; Passlack et al., 1996; Jastrzebski et al., 1975) . On the other hand, II-VI compound semiconductors are notable for their relatively low untreated surface recombination velocities, typical cadmium sulphide (CdS) and cadmium telluride (CdTe) thin films have the untreated surface recombination velocities around 10 3 and 10 4 cm s -1 , respectively, which make these material systems favourable for solar cells in this case (Rosenwaks et al., 1990; Delgadillo et al., 1997) .
CdS/CdTe solar nanopillar (SNOP) cells
In this regard, Fan et al. (2009) reported a recent work on NPL array solar cells utilising the CdS/CdTe material system which demonstrated the versatility of NW-based PVs. Notably, this work employed a novel technique to fabricate single crystalline semiconductor materials non-epitaxially on amorphous substrates. Using the template assisted synthesis, highly ordered NPL arrays were obtained to enable cost-effective fabrication of crystalline solar cell modules. Moreover, the n-type CdS NPL arrays embedded in a p-type CdTe thin film resulting in a three-dimensional (3D) structures, which took full advantage of the orthogonal relationship between photon absorption and carrier collection previously discussed. Compared to the conventional planar cell structures, relying on the optical generation and separation of EHPs with an internal electric field, this SNOP structure enhances the photocarrier separation and collection by orthogonalising the direction of light absorption and EHPs separation (Spurgeon et al., 2008; Hu and Chen, 2007; Tsakalakos et al., 2007; Kayes et al., 2005; Fahrenbruch and Bube, 1983 ). This distinguished difference relieved the competition between absorption and carrier collection and opened the design space for cost competitiveness and further exploration.
A simple process schematic of the NPL solar cells is depicted in Figure 5 . In general, a 2 μm thick alumina film was grown on a 0.25 mm thick aluminium foil by anodisation in phosphoric acid solution at low temperature (∼5°C). Highly ordered pores in the alumina membrane formed a hexagonal array with the controlled pitch and pore diameter while the ordering was achieved by a combination of a pre-anodisation nanoimprint on the aluminium foil and matching the nanoimprint pitch with a proper anodisation voltage (Mikulskas et al., 2001; Masuda et al., 1997) , Figure 6(a) shows a SEM image of an AAM with the long-range and near-perfect ordering after the anodisation process. A barrier-thinning step was utilised to broaden the pore channels and reduce the alumina barrier layer thickness at the bottom of the pores to a few nanometres. Thinning the barrier allowed for the electrodeposition of Au selectively at the bottom of the pores and this Au layer later acted as the catalyst for the CdS NPL synthesis via the VLS growth mode. The processed AAM was partially and controllably etched in 1N sodium hydroxide solution (NaOH) at room temperature to expose the tips of the pillars to form the 3D structures [ Figure 6(b) ]. Importantly, this etching solution is highly selective and does not chemically react with and degrade the material quality of CdS NPLs. Also, the exposed depth could be varied and controlled by adjusting the etching time to optimise the geometric configuration, where the device thickness comparable to the optical absorption depth and the bulk minority carrier diffusion length, for the enhanced conversion efficiency. After that, a p-type CdTe thin film with ∼1 μm thickness was then deposited by chemical vapour deposition to serve as the photoabsorption layer due to its optimal band-gap (Eg = 1.5 eV) for the solar energy absorption (Fahrenbruch and Bube, 1983) . The top electrode was finally deposited by the thermal evaporation of Cu/Au (1 nm/13 nm) in order to achieve an acceptable transparency and to form an ohmic contact with the p-type CdTe film. In future, further top-contact optimisation is required to explore the transparent conductive contacts, such as indium tin oxide (ITO), etc. The backside electrical contact to the n-type CdS NPLs was simply the aluminium support substrate while the entire solar cell device could then be bonded on the top to a glass slide by epoxy for the encapsulation. Source: Reprinted with permission from Fan et al. (2009) In order to demonstrate the capability of fabricating single-crystalline NPL arrays on an amorphous substrate with the fine geometric control without relying on the epitaxial growth from single-crystalline substrates, single-crystalline structure of CdS NPLs was confirmed by the low-resolution and high-resolution TEM in Figure 6 (c) and Figure 6(d) , respectively. More importantly, Figure 6 (e) shows the abrupt junction between the CdS NPLs and the CdTe film which is essential for the efficient photo-carrier separation. An excellent junction or interface quality can minimise the photogenerated carrier loss through the non-radiative recombination at the defect sites (Czaban et al., 2009; Tsakalakos et al., 2007) . 
Source: Reprinted with permission from Fan et al. (2009) A photograph of a fully fabricated SNOP cell device is shown in Figure 7(a) where the device has an active surface area of 5 mm × 8 mm. The cell performance was assessed by utilising a solar simulator (LS1000, solar light) without a heat sink and the currentvoltage (I-V) characteristics of a typical cell under different illumination intensities, P, ranging from dark to 100 mWcm 2 (AM 1.5G), was shown in Figure 7(b) . Under AM 1.5G illumination, the cell produced a short circuit current density (J SC ) of ∼21 mA cm -2 , a open circuit voltage (V OC ) of ∼0.62 V and a fill factor (FF) of ∼43%. An efficiency (η) of ∼6% was reported in Figure 7 (c) which is mostly restricted by the inadequate optical transmission of the top metal contact and the absence of anti-reflection coating. The I-V curves cross over each other above V OC which can be attributed to the photoconductivity of CdS (Corwine et al., 2004) . The dependency of V OC on the illumination intensity is shown in Figure 7 (c). Voc only increases slightly from 0.55 to 0.62 V with a linear increase of Jsc, which can be attributed to a slight thermal heating of the device since a cooling chuck was not utilised in the measurements (Sze, 1981) . The SNOP cells reported here already have the energy conversion efficiency higher than most of the previously reported PVs based on nanostructured materials; (Czaban et al., 2009; Garnett and Yang, 2008; Tsakalakos et al., 2007) however, more detailed investigations are still in process to enhance the efficiency to meet the high-performance application requirements. Notably, the reported efficiency is higher than that of the planar CdS/CdTe cell with the comparable CdTe film thickness, (Marsillac et al., 2007) but still lowers than those with optimal CdTe film thicknesses. In future, the cell efficiency can be readily improved through the further device and materials optimisation as confirmed by the simulation. For example, utilising top electrical contacts with higher optical transparency and lower parasitic resistances, the efficiency can be easily boosted up to > 10% .
Another key advantage of this 3D SNOP cell over other conventional cell structures relies on the geometrical configuration (vertical regular arrays arrangement) for the improved carrier collection efficiency. As expected, the conversion efficiency drastically and monotonically increases with the NPL embedded height (H) in CdTe film. Specifically, η is ∼0.4% for the case of H = 0 nm that only the top surface of the CdS NPLs is in contact with the CdTe film; therefore, a small space charge region for the carrier collection is resulted in the low conversion efficiency. On the other hand, increasing H, the space charge region area is increased accordingly to enhance the carrier collection efficiency. In particular, the device conversion efficiency is raised by more than one order of magnitude when H is increased from 0 to ∼640 nm. All these results clearly indicate the benefit of this 3D structure and put forward a future route to improve the cell performance by optimising the geometric design of device structures. However, as discussed in the previous session, the SNOP cell structure may only be advantageous as compared with conventional planar-structured PVs if the interface recombination is not the limiting factor for cell performance; for that reason, this 3D cell structure requires a careful material system consideration for the carrier loss dominating by the bulk recombination processes as oppose to the surface or interface/junction recombination.
In addition to the rigid substrates, this SNOP cell fabrication scheme can also be applied on the bendable plastics for flexible and high performance PVs, which are of particular interest for a number of technological applications (Yoon et al., 2008; Fan and Javey, 2008; Lungenschmied et al., 2007) Simply, a layer of polydimethylsiloxane (PDMS, ∼2 mm thick) is deposited and cured on the top surface following the top-contact metallisation process. Then the aluminium substrate at the back is released by a wet chemical etching process. A layer of ∼200 nm thick indium film is deposited as the bottom contact to the n-CdS NPLs and another ∼2 mm thick PDMS layer is put down and cured on the back side to complete the encapsulation. In this case, as shown in the optical image and device structural schematic in Figure 8(a) , the entire SNOP cell is sandwiched and embedded within the flexible and bendable plastic materials. Notably, the entire SNOP cell structure is located in the neutral mechanical plane of the PDMS substrate which minimises the strain on the active cell elements, CdS NPLs. Verified by the strain simulation, when the plastic encapsulated SNOP cell is bended to a 3 cm radius of curvature, this induces a maximum 8% of tensile and compressive strain on the top and bottom surfaces of the ∼4 mm thick PDMS substrate, respectively, while the NPLs in ∼2 μm in height would only experience a maximum of ∼0.01% strain . Figure 8(b) demonstrates the I-V characteristics of a plastic SNOP module under different bending conditions and confirms the negligible change in the cell performance such as the energy conversion efficiency upon bending within the given bending radius down to 27 mm. All these results suggest that this flexible SNOP PV structure can withstand a large amount of bending without any significant structural and performance degradation, which reveal the potency for flexible solar cell applications. Source: Reprinted with permission from Fan et al. (2010) Again, the ability to directly grow single-crystalline active material structures on large aluminium sheets here is highly attractive to minimise the materials and processing costs. Also, this 3D cell configuration can relax the materials requirements in terms of quality and purity which can further lower the costs. However, further exploration of various low-cost and conductive film deposition processes, such as top-contact ink jet printing, are still needed to further enhance the versatility and lower the cost of this proposed solar modules.
Conclusions
Significant progress has been made continuously on PV devices using 1D nanostructures. As discussed in this review article, forming 3D PV architectures with 1D materials can significant improve the light absorption and carrier collection. In particular, the enhancement of light absorption for a 3D nanostructure can be largely engineered, simply with a low-cost bottom-up synthetic approach. This is a significant break-through for PV technologies since in which cost is one of the primary concerns. On the other hand, it is important to point out that not all conventional PV materials are good for nanostructured solar cells, mainly due to the large surface area of the structures. It is conceivable that materials systems with high surface recombination velocity (SRV), such as Si, GaAs, etc., are not ideal materials for nanostructured PV while materials with low SRV, e.g., CdTe/CdS, are suitable for making efficient nanostructured PV. In such a context, NPL CdS/thin film CdTe PV devices have been demonstrated, with a respectable efficiency. More importantly, the demonstrated fabrication processes meet the requirements of scalability, low cost and flexibility. With further improved performance, this technology can be one of the promising candidates for next generation PVs.
